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Exposure characteristics of cobalt fluoride (CoF,) self-developing
electron-beam resist on sub-100 nm scale

Marek Malac,a) Marvin Schoefield, and Yimei Zhu
Building 480, Brookhaven National Laboratory, Upton, New York 11973

Ray Egerton
Department of Physics, University of Alberta, Edmonton T6G 2J1, Canada

(Received 15 October 2001; accepted for publication 26 April 2002

We have studied electron-beam exposure of cobalt fluoride {ICdiin films by real-time
high-resolution transmission electron microscopy and by electron energy-loss spectroscopy. We
were able to remove fluorine completely from an irradiated area and retain metallic cobalt by
exposing the area at low dose rate and elevated temperature. The structures were composed of
separated single-crystal cobalt nanoparticles with dimensions on the order of 5—-10 20020
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I. INTRODUCTION too slow for fabrication of structures with characteristic di-

As th ling limit of sili based mi lectronic d mensions on the order of several nanometers.
_~sthe scaiing Timit of sficon based microelectronic de- A second essential step is the capability of mapping the
vices is approached the need for a new generation of signal

sgatial distribution of magnetic potential in such structures

processing and storage device becomes more urgent. On . ;
P : . . and arrays of such structures. Kerr microscopy provides a
possibility is a device based on propagation of magnetic ex-

citations through chains of coupled magnetic partidli@he method for retrieving magnetization distribution in thin mag-

magnetic storage industry faces a similar scaling challengen.enc films.” Additionally, Kerr microscopy allows for experi

As the storage density (bits/%). increases, the magnetic mental studies of time-dependent processes, such as mag-

properties of individual magnetic nanopatrticles, coupling be—net'c_ reversal:® Magnetic fo_rce mmrosc_:op;(MFM) also
tween individual particles arranged in an array, as well a@rowdes_a way to _chargct_er!ze magnetic samples, however
magnetic reversal of such particles becomes technologicallf€ SPatial resolution limit is currently on the order of
important. Additionally, understanding the behavior of mag-”25 nm and the technique is sen3|t|ye only to fringing fféld.
netic particles and arrays of such particles on a mesoscopit'€ Sensitivity of MFM to topographical contrast presents an
length scalecharacteristic dimensions 100 nm) presents a additional challenge for correct interpretation of the data.
challenging question in modern physfc¥he above possi- Methods based on the_phase_: change of an elec_tron wave
bilities, along with the wide variety of existing magnetic de- Passed through a region with nonzero magnetic vector
vices and sensors, makes magnetism on a nanometer sca@cgentiaio offer several advantages. First, measurements of
very active research field in both basic and applied direceak magnetic fields can be realizédsecond, the method
tions. is sensitive to both magnetization within a sample as well as
Afirst step in the quest for urgently needed experimentaffinging fields'? Experimentally such measurement of an
data is a reliable method for fabrication of magnetic struc-electron wave phase can be realized in a transmission elec-
tures on a few nanometer length scales. From a more pracfiton microscopg¢ TEM). Spatial resolution of phase mapping
cal point of view such a fabrication method is essential forin TEM can be as good as a few nanometemsith the
prototyping and testing of devices. The need for a well-objective lens of the TEM turned ofés required of mapping
defined wide variety of shapes of such structures as well agf sample magnetizationOff-axis electron holography is a
the capability of determining the position of the structuressuitable method foquantitativemeasurement of the electron
suggests the use of lithographical techniques rather thaphase'?
chemical and self-assembly methods. Transition metal ha- The use of a self-developing electron-beam resist in the
lides are promising high-resolution self-developing electronTEM for fabrication of magnetic nanostructures combined
beam resists for this taskFor magnetic applications cobalt with electron holography for magnetic potential measure-
fluoride (Cok) and iron fluoride (Fefj are perhaps the ments offers the possibility df situ fabrication and charac-
most promising materiafsThese fluorides offer the possibil- terization of samples. At the same time the analytical capa-
ity of direct writing of cobalt or iron structures on a few bilities of the TEM can be used to characterize chemical and
nanometer length scale without the need of an additionadtructural properties and study the exposure process.
postexposure processing. Scanning tunneling microscope is In this article we discuss the mechanism and limitations
an alternative tool for fabrication on atomic scéfebut is  of electron-beam exposure of cobalt fluoride thin films and
challenges involved in using this material as an electron-
dAuthor to whom correspondence should be addressed; electronic maiFJeam resist. Different substrates and a wide range of expo-
mmalac@phys.ualberta.ca sure conditions were used in this study. The exposure process
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and resulting patterns were characterized by electron energyEEaE e L R

34

loss spectroscopyEELS) and high-resolution transmission
electron microscopyHRTEM). Additionally, HRTEM used
for real-time observation(and recordiny of the processes
within the exposing probe provides valuable insight into co-
balt thin-film growth on nearly atomic scale.

Il. SPECIMEN PREPARATION

We have used an ion-pumped ultrahigh vaculwilV)
system to deposit thin films of CgFAlfa Aesar No. 13074 5
from a resistively heated molybdenum boat. To prevent &%
deposition of hydratésas well as to outgas the source mate-
rial, the latter was preheated at approximately 200°C for
several days. The pressure in the deposition system was typ
cally in the low 108 Torr range prior to deposition, and
stayed typically in the low 10’ Torr range during deposi-
tion. The films were deposited at a growth rate 0.04—0.13 {5 mﬁ
nm/s onto a room-temperature substrate. Film thickness wasi s
monitored during deposition by a crystal film thickness
monitor. Total film thickness was typically between 15 andF'G. 1. Initial cobalt_fluoric_je (Cop _film on 10 nm thick amorphous carbon
30 nm. As a substrate we used 10 nm thick amorphous ca ubstrate, the CoFfilm thickness is 1_5 nm. Area of GO, with planes

. . _1220; parallel to the electron beam direction and area of Qofh {101}
bon film stretched on 200-mesh TEM grids for most experi-pianes parallel to the beam direction are marked by arrows. The scale bar
ments. Additionally, ion-milled single-crystal germanium corresponds to 5 nm.
and 45 nm thick G, films stretched on 200-mesh TEM grids
were used to determine the influence of the substrate mate-
rial. After CoF, deposition the samples were transferred di-V. RESULTS
rectly to an electron microscope, keeping the exposure t@ Real-time HRTEM observations
laboratory air to less than 10 min.

A TEM of initial cobalt fluoride film deposited on amor-
phous carbon substrate is shown in Fig. 1. The figure shows
lIl. CHARACTERIZATION that the initi_al films were continuogeNith no void_s and
nanocrystalline. The somewhat brighter crystallite bound-
We have used a JEOL 3000F field-emission TEMaries have developed during the image acquisition and are
equipped with Gatan Image Filter®GIF) for EELS and characteristic of the initial stages of CpExposure by the
energy-filtering TEM(EFTEM). We have used the TV-rate electron beam. The lack of voids in the initial Gofifm does
camera below the GIF spectrometer for recording a real-timaot confirm that the Coffilm is flat on atomic scale; more
high-resolution TEM movie of the processeghin the area likely, the film may be rough on length scale comparable to
exposed by the electron bedB+-100 nm in diameterHeat-  or smaller than the crystallite siz&° That is between-2
ing and cooling sample stages allowed us to study the exp@nd ~7 nm for a 15—-20 nm thick cobalt fluoride film. As
sure process at temperatures between 85 and 700 K. Ttexpected for a thin film deposited under conditions of low
EELS spectra for quantitative measurements of fluorine readatom diffusion(low substrate temperatui&,) the crystal-
moval were collected in the nanobeam diffraction mode ofite size did not depend on the substrate matéfiguanti-
the TEM. The probe diameters were between 30 and 500 niative EELS(see Ref. 16, page 2YTevealed the composi-
and the EELS collection semiangle was 1.5 mrad, defined btion of the initial film to be stoichiometric CoFwithin the
the spectrometer entrance aperture and appropriate cameaecuracy of EELS measuremerntghich we estimate to be
length. We have studied the exposure process at temperaturel0%).
T=85K, T=293 K, T=380 K, T=555K, andT=697 K. Electron exposure resulted in progressively lower fluo-
The dose rat¢ (beam current per unit arewas varied over rine concentration. The microscopic mechanism of this ex-
more than 4 orders of magnitud&gom about 0.1 to about posure process determines the microstructure and properties
1200 A/cnt). We measured the beam current using readingsf the final cobalt patterns. We therefore summarize real-time
of the TEM screen based on Faraday cup calibration. Thebservations of the electron-beam exposure as follows: The
beam current was stable within the accuracy 0(01 exposure proceeds in several distinct steps. First, at doses of
Alcm?) of the beam-current measurements throughout th@bout 50 C/crh or less (at room temperatujethe grain
experiments. Pattern writing was achieved via the internaboundaries within exposed areas become more “visible” or
programming language of the JEOL 3000F electron microdeveloped, such as in Fig. 1. This step proceeds at approxi-
scope and, for real-time recording of the exposure processnately the same rate within the whole area illuminated by
by moving the sample with respect to a stationary electrorthe electron beam. The time duration of this step decreases
beam. with increasing substrate temperature and with increasing
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dose rate. The initial cobalt particle size identified in the
high-resolution images is on the order of 2 nm, which may |
be interpreted as the upper limit of critical nuclei diameter. §
Such small, round nuclei are visible at all temperatures and
dose rates used. These initial nuclei are often formed a} CoF
crystallite boundaries and triple junctions of crystallite
boundaries, possibly due to faster fluorine depletion in these
areas. Initial nuclei are also formed away from crystallite
boundarieggrain interiop of the initial CoF,; their size does

not appear to be larger than those formed at the crystallite[ ;5
boundaries or triple junctions. When the diameter illumi- =
nated by the electron beam is larger than about 10 nm,;
multiple nuclei are formed, but not simultaneously within
the whole illuminated area. When the beam diameter is smal
(~3 nm) the initial nuclei tend to fornoutsidethe central
area of the electron beam. The relatively small dose
(~50 Clcnt at room temperatujgequired for formation of
the nuclei suggests that they can be readily formed within the
beam tails, in places with more favorable local conditions
(grain boundary, local supply of cobalt atoms, local tempera-
ture, etc). The formation of Co crystallites on the perimeter g, ». High resolution image of partially exposed area with overlapping
of the electron beam becomes more pronounced with inerystallites. The area was exposedrat 550 K andj =11 Alcn?. The area
crease of the dose rafeand almost no cobalt forms within was exposed to-1200 Clcrd. Large particle in the upper left corner is

the central portion of the electron beamjat 1200 Alen? ?-cobalt with(114) zone axis oriented parallel to the electron beam direc-
' tion. The scale marker corresponds to 5 riinsey Low magnification of a

There are many.pQSSible E_zxplfanatio-ns for this s_uppressgd CRzarby area under similar exposure conditions. Scale bar corresponds to 20
balt formation within the high intensity beam. First, the high nm.

current density can lead to removal of cobalt by the
knock-on mechanism. Second, the knock-on mechanism may
increase the kinetic energy of the released cobalt atoms at the
CoF, surface, resulting in decreased condensation rategie beginning of the faceting stage. In this figure the cobalt
within the high-current density area. It is also possible thatrystallites overlap(insed, but do not coalesce despite the
the high current density and consequent high rate of GoF elevated substrate temperaturé~(550 K) and prolonged
removal leads to a fast changing GefCo interface. Such exposure to the electron beam {200 C/cm). There is also
an interface can again reduce the condensation rates for ceemaining Cok present near the cobalt crystallites. The av-
balt within the central portion of the electron beam. Theerage size of the cobalt crystallites in Fig(i@ise) is much
influence of electric field on removal of material from the larger than the size of the initial CeFerystallites(Fig. 1).
central portion of the beam was discussed by Humphreys anthis large size suggests that the supply of cobalt atoms to a
Chen!’ Zanettiet al® discussed the influence of gas bubble growing cobalt crystallite extends beyond the size of an ini-
formation on the exposure characteristics of alkali halidestial CoF, crystallite.
From our calculation$Eq. (9)] it appears that the knock-on Further exposure by the electron beam leads to only a
mechanism alone is not likely to explain the complete re-slight increase of the cobalt crystallite size. However, exist-
moval of both fluorine and cobalt from the central portion of ing cobalt crystallites often change their projected shape, re-
the beam. Based on our observations it is however difficult tdaining the facetted overall look but changing the configura-
exclude any of the remaining explanations. tion of the facets. During this shape change parts of the
The exposure process then proceeds by growth of theobalt particles often movésweep across any unexposed
cobalt nuclei. At first, these nuclei are round but they becomeobalt fluoride film that may be still present. In many cases a
faceted crystallographically as the size of the crystallites inhew cobalt nucleus forms in an area swept by a large cobalt
creases. The round shape of the initial nuclei and small cryggrain as well as within an area overlapping with an existing
tallites may be induced by a radially symmetric supply of Co particle. Such nuclei follow the growth evolution de-
cobalt atoms. In other words, the cobalt atoms, once liberscribed above. The result is a film composed of individual,
ated from the Cof-film, diffuse within the film plane from but often overlapping, cobalt crystallites on a bare substrate.
all radial directions toward a cobalt nucleus, which acts as &t extremely large doses, larger cobalt particles grow at the
trap for free cobalt atoms within the diffusion distance of theexpense of smaller particles. This coarsenirigening pro-
nuclei, creating a cobalt concentration gradient in the filmcess seems to reach saturation at about 40 nm crystallite size.
plane(Ref. 17, page 8—15When the same area is exposed Crystallites similar to those found at the initial stageund
further, the faceted crystallites reach a size of about 10—2@nd less than 5 nm in diametare often found between the
nm. Such faceted crystallites often have an elongated shaplarge ones. At the end of this ripening stage no Cefs
presumably determined by the orientation of fast-growingseen in the HRTEM micrographs and no fluorine was detect-
crystal planes and local growth conditions. Figure 2 showsble by EELS.
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2%10° T . T . T . T . T TABLE |. Measured characteristic dosBxs, for different dose rate$ and
bld % 0 substrate temperatures during exposure.
) : =
2 g E Substrate Dose rate j Characteristic dose
3 = S temperaturel (K) j (Alcm2) D, (Clcnr)
1x10° . 85 0.1 8500
85 2.8 10 200
£ 85 30 11 400
3 85 1,200 433 000
© 293 0.2 520
293 17 14 600
4) -
5x10 380 18 4000
555 0.1 27
| | 555 28 400
5(|)0 ' 6(I)0 ' 7(|)0 ' S(I)O ' 9(|)0 697 0.1 9

FIG. 3. Typical"as preparedelectron energy loss spectrum collectedrat
=85 K and dose rat¢=0.1 A/cn?. The fluorine to cobalt atomic ratio is

F/Co=2 corresponding to stoichiometric CoF of a characteristic dosB.: the dose at which the number of

fluorine atoms decreases teeddf the initial value(Ref. 16,
page 392 The dependence @, on temperature and dose
The increase of the cobalt crystallite size with tif@@  ratej can yield information on the irradiation processes in-
given temperature and dose rgdecan provide information volved. Our measured characteristic dogesfor different
on diffusion processes governing the growth of the crystaldose rates and temperatures of the exposure are in Table |.
lites. Namely, if the diffusion follows the relation The increase of the characteristic dose with increased dose
dx=Ctm 1) rate can be attriputed to_diffusion—lim!ted removal of fluorine
' from the Cok film.1® Similar behavior was observed for
(wheredx is the increase of size of the cobalt particfeand  exposures done at room temperatulB=R93 K) and T
m are constants, antlis time) then the exponentn can =555 K. The characteristic dog®, for a given dose ratg
reveal whether surfacoundary or bulk diffusion governs  decreases with increasing temperatiite This decrease of
the growth process. The measured values of the expenent D, is a result of several competing processes and will be
for different crystallites vary between 0.17 and O(84posed  discussed in the next section. EELS experiments revealed the
at T=547 K andj =18 A/cn?). The measurements were un- presence of oxygen in all samples: both as prepared and after
dertaken from the very initial stage of the crystallite appearexposure. To determine whether the oxygen is present as a
ance, from 2 to about 7 nm in size. The exponents thereforeobalt oxide, water—ice adsorbed on the sample or a hydride
should provide information on the initial stages of cobaltof CoF, we carried electron diffraction experiments de-
crystallite growth rather than on the ripening stage. Thescribed below.
value of the exponerh=1/3 indicates a bulk diffusion con- EFTEM provides a convenient way to determine thick-
trolled process, whilen=1/4 indicates boundary diffusion ness variationgRef. 16, page 302and spatial distribution of
controlled proces¥ Our measured values suggest that bothcobalt and fluorine within an exposed argRef. 16, page
bulk and boundary diffusion processes can be important. Thg830). Figure 4 (acquired at room temperatirehows the
measured value om=0.17 suggests the existence of achanges in the thickness and elemental composition of an
mechanism inhibiting the diffusion of cobalt atorfsich as  exposed aregmarked with a rectangle in Fig.(@]. The

contamination buildup thickness map in Fig. #%) confirms that the cobalt crystal-
lites are thicker than the nearby unexposed Ld¥fluorine

B. Result of EELS measurements and EFTEM map[Fig. 4(c)] reveals depletion of fluorine coincident with

chemical mapping the cobalt particles. The cobalt mdpig. 4d)] suggests

Results of EELS measurements are presented in this Se(:;!ep.)letion qf cobalt from the areas'adjacent to the cobalt crys-
tion. As mentioned above, the EELS spectra were acquired iiflites. Thickness maps, such as in Figycan also be used
the diffraction mode of the electron microscope. In thist0 obtain additional information on the growth of the cobalt
mode, the spectrum is collected from the whole illuminategP@rticles. Figure 5 shows measured cobalt particle thickness
area of the specimen, thereby avoiding complications arisingS @ function of projected particle diametes seen in TEM
from chromatic aberratiofiRef. 16, page 76 Quantitative ~Micrographs The thickness was measured just prior to the
measurements of F/Co atomic ratios were obtained by int¢lPening stage of the exposure process. The increase of the
grating the fluorineK loss and cobalk loss intensities over cobalt particle thickness with its projected size suggests a
a 50 eV window and weighting by the appropriate inelasticthrée-dimensional growth process, however the particles are
cross sections. The inelastic cross sections were calculatéypically disc like with an aspect ratidthickness/projected
by SIGMAK3 and SIGMAL3 programs(Ref. 16, page 420for ~ Siz8 slightly less than onesolid line in Fig. 5.

K andL edges, respectively. A typical core-loss spectrum of . . .
an as-prepgred speciméatomic ratio F/Ce=2 with esti- C. Results of electron diffraction experiments

mated accuracy- 10%) is shown in Fig. 3. The removal of Diffraction experiments can reveal the structure of the
fluorine from the initial Cok film can be described in terms metallic cobalt nanoparticles. The structure of metallic cobalt
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Co;0,, and e-cobalt. The diffractograms acquired from ar-
eas exposed at room temperature with2 A/cn? to a dose

D =380 C/cnt revealed the presence efcobalt as well as
CoF,, CoR;, CoO, and CgO,. The presence of the remain-
ing metallic cobalt structurefficc-Co or hcp-Co could not

be confirmed or excluded, because only reflections overlap-
ping those of other compounds were present. The diffraction
patterns did not contain reflections corresponding te@z0

The areas exposed af=554K with dose rate ]
=0.8 Alcn? and doseD =450 C/cn? confirmed the pres-
ence of metallic cobalt in at least one of the possible struc-
tures(fcc-Co, hep-Co, and-cobal). Detectable amounts of
CoF,, CoO, and CgO, were also present.

The above investigations should be considered in the
FIG. 4. (a) Zero loss filtered image of partially exposed Gdifm. The area context of the chemistry of cobalt. Bulk cobalt is prone to
marked by the rectangle was exposed by a focused electron beam prior @Xidation (Ref. 22, page 127 In bulk materials CgO, is
the acquisition of the images. The scale bar corresponds to 50(mm; found at fully oxidized surfaces while CoO is found close to
thickness map, scaled in units of inelastic mean free (fP), the sub-  he | noxidized metal and is susceptible to further oxidation.
strate thicknesf).1 MFP of amorphous carbpwas subtractedy) fluorine .
map; and(d) cobalt map of the area marked {@). The brighter areas Even at 100 °C the presence of oxygen leads to the formation
correspond to thicker sample ih), more fluorine in(c) and more cobaltin ~ of C030,.%? The presence of adsorbed oxygen and water
(d). may be unavoidable even in an UHV TEM since the samples
are exposed to laboratory air during transfer from the growth

hamber, so the possibility of formation of oxides needs to
Cge taken into account. This explains the presence of cobalt
oxides detected in diffraction patterns.

nanoparticles presents an intriguing question since the h
structure of bulk cobalt can change to fcc as the size of th
particles decreaséS.Metallic cobalt nanoparticles with a
simple cubic structurée-cobaly have also been observéd.
We hgve also undertak(_an selected-area electro_n—d|ffract|op_ DISCUSSION

experiments to determine whether cobalt oxi¢€oO,

Co,03, and Cq0O,) was present. Our diffraction experi- As stated at the outset, the aim of this article is to study
ments were carried out at different substrate temperatures, dhe formation of cobalt structures and consequences of the
pristine (as-prepared Cof samples, and on exposed formation process on the suitability and resolution of CoF
samples at the beginning of the ripening stage. The DPs wes an electron-beam resist. We therefore refrain from com-
acquired from the exposed area typicathyp00 nm in diam- ments on the interaction of fast electrons with Gafhd on

eter at a dose rate 0.2 Alcn? at two different acquisition the fluorine desorption mechanism. Chen and Humphfeys
times (0.25 and 1 ysuch that low index as well as high provide a detailed discussion of the electron-beam interac-
index and weak reflections can be observed. The diffractotions with fluorides and Ref. 23 discusses the fluorine de-
grams of as-prepared CoRIm (total dose for acquisition of ~sorption mechanism in great depth_. A qualitative model of
diffraction patternsD <3.6 C/cnf) confirm the presence of the exposure process is presented in next Sec. VA.

CoF, as well as detectable fractions of GoFCoO, CqOs, A. Qualitative model for CoF , removal and cobalt

particle formation

15— — T — T ' A simplified model of Cok exposure is schematically
X depicted in Fig. 6. First, as the initial CoRIm is exposed to
¢ * ] the electron beam fluorine is removed from the surface layer
E . . . and cobalt nuclei start to foriFig. 6(a)]. As the exposure
‘2 10 .‘ ¢ . 7 proceeds, these nuclei grow at the expense of the underlying
E e o o o CoF,. The growing cobalt nuclei prevent fluorine escape
= M/ . ‘:” . 1 from the underlying Cokfilm, but do not prevent fluorine
% . " o e " escape from adjacent areas. At the same time, the cobalt
g 5 SRR 7 nucleus collects cobalt atoms liberated from gaoWthin a
A ¢ . diffusion distance. Consequently, the Gd#m is removed
:o‘ ’. 1 faster between the Co nuclei than underneath such nuclei,
and nuclei end up at different heights relative to the sub-
N FR— E—— strate. This leads to an increase of the distance a liberated
Cobalt particle size [nm] cobalt atom has to travel to reach a cobalt nucleus. Eventu-

ally liberated cobalt atoms will reach a sufficiently high con-

; ; e N~ %entration to form a new nucleus at a level closer to the
measured particle thickness for particles just before ripening stage. The soli . . . .
line corresponds to aspect ratio (height/diametelr) Most cobalt particles Sngtrath'_g- G(b)] Since this new nUCIe_US_ _'S formeq _at a
have aspect ratio slightly less than one. different height, it can overlap with the initial nuclei in a

FIG. 5. Relation between measured projected particle @zenetey and
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cobalt particles “ ‘ Y100
substrate

FIG. 7. (a) Hemispherical nucleus of a diametBr; (b) calculated free

FIG. 6. Cartoon of exposure procesa} formation of initial cobalt nuclei ~ energyAG of a hemispherical nucleus as a function of nucleus diani2ter

on pristine Cok film; (b) initial cobalt nuclei are higher above the substrate (solid ling). A nucleus above the dashed linA@=0 eV) should not be

than a newly forming cobalt nuclemarked by an arroydeading to over-  stable(positive free energy compare to dissociation to vapdiile nucleus

lap of the new cobalt nucleus with the nuclei startedan and(c) exposed ~ With free energy below the dashed liieegative free energy compare to
film at the beginning of the ripening stage. Tipartially overlappingcobalt ~ vapop. The smallest stable nucleus at which the free energy becomes nega-
particles are on a bare substrate and the dsFemoved completely. tive is atD=0.72 nm; and(c) disk-like nucleus diameted heightH.

TEM image (in agreement with Fig. )2 This process may tallographic orientation are made and averaged surface en-
repeat as long as there is Goresent on the substrate. The ergy values are used. The small observed size of the critical
larger Co nuclei also grow further and change their overalhucleus €2 nm) and consequent unavailability of crystallo-
shape, as dictated by surface energy. Finally, when albCoFgraphic orientation of such small nuclei necessitates such an
is removed, the cobalt crystallites reach a substrate level ar@bproach. For the discussion of the shape of the cobalt par-
then the ripenindcoarseningstage of the exposure starts to ticles at the beginning of the ripening staldég. 6(c)] we
take placgFig. 6(c)].?* assume the particles to be disk like. This assumption is based
on our diffraction data, HRTEM images, and EFTEM thick-
ness mapping.
Both the size of the critical nucleus and the shape of the
In this section we examine the nucleation and equilib-cobalt particle depend on the interplay of the various contri-
rium shape of cobalt nuclei during the stage depicted in Figbutions to the free energy. The total difference of free energy
6(a). In particular, we would like to identify the critical size AG of the aggregating cobalt particle compared to dissocia-
of cobalt nucleugsmallest stable nucleysand understand tion to vapor can be written as
why the individual particles prefer to grow three dimension-
ally (3D growth mode The simple model we would like to AG=Guoi T Gourt Gmag, @)
introduce assumes that the liberated cobalt atoms have suffithere G, is the volume free condensation ener@y, is
cient energy to diffuse over a length comparable to a nevthe surface energy, arfé,,qis the magnetic energy associ-

B. Cobalt nucleation and growth

nucleus sizé2—5 nm. ated with growth of particles with nonzero magnetization in
To estimate the size of cobalt critical nuclélwe con-  the strong magnetic field of the objective lens.
sider a hemisphere-shaped particle on a flat subsfFage The volume free condensation ener@yegative G,

7(a)]. In this simple model n@ priori assumptions on crys- =g,,V, Whereg,, is the free energy for unit volume for

Downloaded 27 Jan 2003 to 130.199.3.3. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



1118 J. Appl. Phys., Vol. 92, No. 2, 15 July 2002 Malac et al.

cobalt andV is the volume of the particle. For crystalline followed by subsequent crystallographic ordering and
cobalt at room temperaturg,,= —230 eV/nni.?® For an  growth, leads to nuclei in the-2 nm range which we were
initial cobalt particle which is typically a few nanometers in able to identify in HRTEM images.
diameter and~1 nm thick theG,,, is approximately 1000— Next we attempt to estimate the energetically favorable
2000 eV. shape of a disk-like cobalt particle on an amorphous carbon
The surface energy ter@g, in Eq. (2) involves contri-  substrate[Fig. 7(c)]. Taking into account the difficulty of
butions from the Co—particle interfaces between both thealetailed shape calculations and our results of EFTEM thick-
vacuum and substrate. For a hemisphere-shaped particle ness mapping in Fig. 6, we approximate the shape of cobalt
nuclei by a disk with diametdd and heightH as depicted in
_ 7TDZ?’COJr 7TD?( Yoo~ Ysubs) 3) Fig. 7(b). The most important input parameter in this model
2 4 ' is the cobalt surface energy. This ene@ﬁ&? depends on the
particular crystallographic orientation. For this illustrative
whereD is the diameter of the particle ang, and ysussi@ré  example we chose the top and bottom planes of the disk to

the cobalt surface energy and substrate surface energy, g identical with(001) crystallographic planes of hcp cobalt.
spectively. The exact value of the surface energy of a cobalfne surface energy can then be written as

particle depends on the structuiecp, fcc, ore-cobal) and

orientation of the particles. The surface energies of hcp co-, 7 _, T _,

balt are y$3,=23.75 eV/nm for (100) planes and about Gsur=7 D700 TOH Y00 7 D™ (¥001)~ Ysuost ()
y$9=17.5 eV/nmt for (001) planes?’ For this illustrative _ , o _
estimate we use/c,=20 eV/nn? (an average of the above WhereD is the diameter of a disk-like nucleus akdis the

values. We must also take into account the surface energy off€1ght(thickness of such nucleus. Using the expression Eq.
the substratey. pe We USeyeper2 eV/nn? as an estimate (6) for the surface energy contribution and nucleus volume

_ 2 . .
for CoF,. Taking about 2—5 nm size initial nucleus the sur- Ynuei= 7D"H we can write the difference of free energys

face energy contribution i, is approximately 200—1000 ©f the aggregating cobalt particle in E@) as
ev. ) . 7D?Hgyq T ™

Gmag represents the energy of magnetic cobalt particleAG= TJr ZDZy(OM)Jr 7 D¥( YooryT Ysubst-  (7)
growing in the strong magnetic field of the objective lens.
We estimate thé& 4 under the assumption that the particle To alleviate whether the 3D growth mode is thermodynami-
magnetizatior(using bulk value 1.7 Ywill align the strong  cally advantageous we calculate the aspect it (height
field of the objective lensB~3 T). EnergyG,4 can then  over diameterwhich minimizes the free energyG for an
be obtained as an energy of a corresponding magnetic dipolgrbitrary particle volum#/. This aspect ratio can be obtained
in the field of the objective lens. Under such conditions thefrom partial derivatives of Eq(7) resulting in
Gmag for a fairly large(5 nm diameter 3 nm thigkparticle is
about 2 eV. This value corresponds to about 0.1% gf and ﬂ _ 2(001)~ Vsubst ®)
less than 1% 0Gg,¢. Magnetic energys ,,4is therefore not D 2¥(100)

likely to affect the final shape of the cobalt particles. which for our values of you=17.5€ViNM, Y100

Consequently, it is the volume condensatiGp, and B : B
surfaceGg,; energies that determine the size of the critical._23'75 ev/n, and ysu,s=0.63 eV/nni gives H/D=0.7

nucleus. Neglecting the magnetic term in Eg) the free in good agreement with EFTEM observations in Figth)4
energy (')f a hemisphere-shaped nucleus is and 5. Equatior{8) provides an additional argument for the

small influence of the substrate on the film morphology. In
7D3gy0  mD%yco  TD2(Yeo— Ysube) other words, the high surface energy of cobalt will force 3D

=1 5 2 (4)  growth for a wide range of substrates. To achieve significant

spreading of cobalt the substrate, the energy of the cobalt—

and consequently the diamet®, of the critical nucleus at Substrate interface yoor-ysur,) has to be minimized. In our
which the volume energy starts to overcome surface efiérgySimple model this means increasing thg,; to near twice

AG

is the (already very highsurface energy of cobalt. Equati¢)
also suggests the importance of the anisotropy of the cobalt

—2(3Yco™ Ysubs surface energiedifference betweerny;oy and ygo1). In the
¢ Ovol ' (5 extreme case of large crystalline anisotropy and low sub-

strate surface energys,s the particles may minimize their
taking valuesg,q=—230 eV/nni, yc,=20eV/nnt, and contact with the substrate and the aspect ratio of the particles
Ysubs=2 €V/nnt the critical diameterD.~0.5nm [Fig.  would be determined by the ratio of the crystalline surface
7(b)]. The diameter of the smallest stable nucleus with negaenergies. The above conclusions are likely to hold for fcc and
tive free energyA G compared to vapor iB =0.72 nm[Fig. e-cobalt (both cubig unless their surfaces energies are sig-
7(b)]. This is smaller than the smallest diameter of the nuclenificantly lower than that of hcp cobalt. This simple model
we have observed, which is not surprising taking into acprovides some insight while avoiding the need to analyze the
count limitations of real-timén situ observations. It is pos- more complicated situation for hcp cobalt with00) planes
sible that the observed 2 nm cobalt nuclei are the result oparallel to the substrate, as well as for fcc cobalt exwdbalt
cobalt nucleation on a subnanometer scale. Such nucleatiothoth cubig.
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C. Process parameters and kinetics of the exposure
process

The above paragraph discussed the thermodynamically®&
preferred aspect ratio of a cobalt nucleus. The tendency off§¥
cobalt to form separated particles rather than a continuou
film can be advantageous when one wants to fabriceséu iy
and study sub-10-nm cobalt particles. If the aim is continu- W ®!
ous and well-defined structures, then the 3D growth of cobalt 5q !
particles poses a difficulty. As suggested in the previous b"‘a s
paragraph, the driving force for 3D growth is likely the high o
surface energy of cobalt and the fact that growing cobalt
particles “feel” the interfacial energy with CoFrather than
the substrate until all CoHs removed. Since the equilibrium
state is 3D separated nuclei, it is necessary to look to the
growth kinetics(and process parameters influencing the ki-
neticy for ways to control the final morphology. Additionally
consideration has to be given to practical process parameter{ &
such as carbon and water contamination buildup, oxidation g
of cobalt, thickness of initial Cofs and substrate tempera- §
ture.

The influence of the substrate temperature during expogIG. 8. Influence of the thickness of the initial Golim on the morphology
sure is at least twofold. First, the substrate temperature is aofi the film after complete exposure. The thickness of the initial Qdf
important parameter controlling contamination buildup onincreased from the bottom right cornéess than 8 nm of initial Coff

8,29 oward the upper left cornér-20 nm of initial CoF;). The increase in CoF
the samplé. Second, change of the substrate temperatur%nickness leads to more frequent overlap of cobalt crystallites after exposure

can influence fluorine and cobalt diffusion and fluorine de-rather than in continuous cobalt film. The scale bar corresponds to 50 nm.
sorption from the sample. Th@arboneouscontamination
buildup during electron beam exposure at room temperature
is known to limit the decomposition of alkali halid&5This
is also the case for exposures in our TEM. The carboneouarea(leaving bare substrate behjn@his sets the upper limit
contamination buildup can be eliminated by either heating ofor useable dose rates. Decreasing the dose rate leads to in-
cooling the sample during the exposure process. However areased sensitivity of CgHdecrease in characteristic dose
low temperatures the sensitivity of Coko electron irradia- D, in Table . The decrease D, however is not large
tion strongly decreaseg§able ) and we have also detected enough to make up for the need to expose longer to deliver a
an increased presence of oxyggmesumably water igeat  sufficient dose to remove fluorine from the exposed area. It is
T=285 K. The size of the final particles after exposure wastherefore advantageous to expose the film at a high dose rate,
decreased moderatelip about 3—5 nmat T=85 K, butthe limited by removal of Co from the exposed area. It is diffi-
film retained the separated particle morphology. The deeult to comment on the beam-induced heating and beam-
crease of sensitivity likely stems from low diffusion rates of induced electrostatic charging. It is perhaps worth mention-
both fluorine and cobalt =85 K. At elevated temperature ing that a moderate charging of the sample can lead to strong
(T=555 K) the carbonaceous contamination can be avoidetepulsive forces between cobalt nuclei on a €shbbstrate
completely and the sensitivity of CgRlso improves. How- (and consequently to promotion of growth of separated nu-
ever increased temperature during exposure leads to formalei rather than of continuous structures
tion of somewhat larger cobalt particles, perhaps by promot- The influence of the sample thickness is illustrated in
ing cobalt diffusion. Changing the sample temperature~ig. 8. The Cok initial film thickness increased from the
betweenT~85 K andT~ 700 K therefore does not seem to bottom-right corner toward the top-left corner. The area was
promote the desired continuous-cobalt morphology. uniformly exposed, with a dose approximately corresponding
The electron-beam current densifgose ratg j is an-  to the onset of the ripening stage. The figure reveals that the
other easily accessible parameter which may influence thsize of the particles is about 10—15 nm over the whole area
final morphology of the exposed film. The current densityof the film, with the exception of the very right bottom cor-
should primarily influence the rate of fluorine removal andner where the initial Coj-film was thinnest. Increasing the
rate of release of free cobalt atoms. The electron beam caBoF, thicknesgtoward the top left corng¢teads to increased
also directly remove material by a knock-on mechanism. frequency of overlap between particles rather than an in-
Finally, in the case of a nonconducting samggeich as crease of particle size. This is in agreement with the qualita-
CoF,) the emission of secondary electrons induced by theaive model in Sec. V A. The area of the thinnest initial GoF
primary electron beam can lead to charging of the irradiatedilm (right bottom cornerleads to separated cobalt particles
area. In our microscope it is possible to vary the probe curwith very little overlap. Such nonoverlapping particles on a
rent density over many orders of magnitude. However, adare substrate appear to be suitable for electron-holography
mentioned previously, dose rates in excess-d4200 A/cn? measurements of magnetization of such particles. No appar-
lead to removal of both fluorine and cobalt from the exposedent change in HRTEM images of such particles was observed
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W11 T T ] ity by blocking the fluorine diffusion from the sample. At
K ] room temperature, as well as elevated temperature, water
= Fluorine (and molecular oxygens a likely source of oxygen for the

formation of cobalt oxides within the film. A rough estimate
(Ref. 19, page 1-21 suggests that approximately 5
x 10 cm ?s ! H,0 and 3.6 103 cm 2s ! oxygen mol-
ecules reach the sample during exposurd at300 K in a
typical microscope vacuum in the sample arealQ ’
Torr). It is likely that due to electron-beam irradiation a
large portion of the water and oxygen will be present in the
highly reactive, excited state.

Removal frequency [atoms/sec]

VI. CONCLUSIONS

Surface binding energy [eV]

FIG. 9. Rate of cobalt and fluorine atoms removal as a function of surface Direct eIeCtron_beam éxposure of CZOE a promising
binding energy for current densify= 220 Alcn?. way to produce magnetic cobalt structures on a length scale

of a few nanometers. However, many issues still have to be
addressed. Our findings reveal that elevated substrate tem-
perature during the exposure enables complete removal of
for the holography experiments. fluorine from the e.>§p.osed area and leads to increased

It is perhaps worthwhile to estimate the rate of cobalt®/€Ctron-beam sensitivity of CoF The exposed area was
composed of separated cobalt particles on a bare substrate,

and fluorine removal by a knock-on mechanism during elec- her th , bal This behavi
tron beam exposure. The energy transferred to an atom H@Ner than a continuous cobalt structures. This behavior was
ot altered by changing the dose rater substrate tempera-

the knock-on mechanisi, .. *?can be estimated usir He i Cthe sUb o _
eV) E,.. —Eq(Ey+1022/(4608) whereA is atomic weight e T- The influence of the substrate on the growing patterns

andE, is incident electron energy in keV. For fluorine and is absent until the final stages of EXposure, When ek
300 keV electron beanE" . =45 eV: and for cobalEC® completely removed and cobalt particles come into contact
=14.6eV. It is also posrg?l;le to es:timate the frequénr?éy ofNith the substra_te_. Increased dose_ fateads to an increa_lse
removal of fluorinefF and cobaltf€° as a function of surface ™" the characteristic dod®, for fluorine removal, suggesting
binding energyE, using* a diffusion-limited exposure process. High dose ratgs (
s >1200 A/cnt) lead to removal of both fluorine and cobalt
,3.54x10° Y 1 1 from the exposed area, leaving a bare substrate within the
eAEg Es Emad’ beam. A lower temperature during exposure reduces the
. - . . CoF, sensitivity, while retaining the limiting dose ratg (
wheref is in atoms/s; is the dose rate in Alcf Z is the <1200 A/cnt) which can be used without removing cobalt

atomic numberA is the atomic weighte is the electron . L
charaeE. is the surface binding enerav in eV of the atom of from the exposed area. Increasing the initial €tfiickness
9€-Es 9 9y results in an increased overlap of Co crystallites, rather than

Eﬁﬁ:fgna:ffé"ﬁéfistrze IL?;L)J(rIren;ns]heor\]/isr%ér?enliieor;e:sbg ftSﬁ to c_or_wt.inuous c.obalt structures. Adjusting the thickness of

tion of E. for | = 220 A'/sz This figure suggests that aboutcthe initial COE film allowed us to prepare sanjples.of well-

three timses as many Co at.oms compared to F are removed spparated, smg!e-qrystal cobg It particles with size about
—15 nm. Such individual particles prepared on a thin amor-

the knock-on mechanism if F and Co have the same blndln%hOUS substrate appear to be suitable for mapping of the

energy. Forj below 1200 A/crf the fluorine is remoyed. magnetic field by electron holography experiments. The

Eiechnique however does not seem to be suitable for fabrica-
tion of devices where continuous magnetic films are needed.

at doses more than 41@/cn?, suggesting sufficient stability

f=jz C)

energy of cobalt is greater than for F or tHat least forj
<1200 A/cnt) the knock-on removal is not the determining
mechanism for F or Co removal. This is in agreement with
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